Seismic anisotropy (␦V p ) of at least 6.5% ؎ 2.5% in the upper mantle (Pn phase) is reported 200 km east of the Alpine fault in South Island, New Zealand. When these new data are combined with a previous Pn study and published SKS splitting results, two distinct domains of mantle deformation are inferred within South Island. In southern South Island, the deforming zone in the mantle lithosphere is as wide as 335 km, whereas in mid-South Island the deforming zone narrows to ϳ200 km. Both regions display wider zones of seismic anisotropy than found at other continental transforms of the world. The width and orientation of mantle anisotropy in southern South Island are consistent with a model of simple shear in a zone that has undergone ϳ800 ؎ 200 km of right-lateral shear displacement-a value close to that predicted by geological reconstructions. Hence displacement can be accommodated by distributed shear without faulting being required in the mantle.
INTRODUCTION
Geological mapping and kinematic data show that continental crust can deform in a distributed manner adjacent to major plate boundaries. However, how strain is accommodated in the subadjacent mantle lithosphere and asthenosphere is not so clear. Is strain in the mantle beneath continental transforms restricted to planar faults in the mantle that move discretely (Tapponnier et al., 1990 ), or to a zone just 20 km wide (Rumpker et al., 2003) , or is strain distributed on a 100-kmwide scale (Molnar et al., 1999; Poupinet et al., 1992) ? Addressing this question requires a method that can remotely measure finite strain in the mantle and a location where this can be done effectively. A useful tool to do this on a regional scale is seismic anisotropy (see GSA Data Repository material 1 ) measured by both SKS and Pn data (Meissner et al., 2002; Savage, 1999; Scherwath et al., 2002) . Whereas SKS splitting data provide an integrated measure of anisotropy through the asthenosphere and lithosphere, Pn data on perpendicular lines augment SKS observations by providing a direct measure of anisotropy at the top of the mantle lid. Both high-resolution Pn data (Okaya et al., 2002) and SKS splitting data exist for South Island, New Zealand. In addition, South Island is a continental area for which the platemotion history is well known (Sutherland, 1 GSA Data Repository item DR2005135, explanation of seismic anisotropy, is available online at www.geosociety.org/pubs/ft2005.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
1999), and thus we have a chance to calibrate finite strain against seismic anisotropy.
BACKGROUND
The Alpine fault ( Fig. 1) is the PacificAustralian plate boundary through South Island (Sutherland, 1999) . Prior to 45 Ma there was no plate boundary; however, since the Cenozoic, 850 (Ϯ100) km of right-lateral slip, consisting of 460 km of slip on the Alpine fault and 390 km of shear over a region 200-300 km wide, has dominated the history of plate motion and regional strain. Mantle deformation is manifest in SKS anisotropy measurements, which are restricted to the width of the island. The SKS phase is split by ϳ2 s near the Alpine fault and shows no significant decay to the east (Fig.  1) . A Pn study 30 km west of the Alpine fault shows as much as 11.5% Ϯ 2.4% anisotropy in the top of the mantle lid (Scherwath et al., 2002) . The lateral extent of anisotropy east of the Alpine fault remains unconstrained.
On Chatham Island, 1000 km east of Banks Peninsula (Fig. 1) , a null reading of anisotropy was recorded . This is an important observation as Chatham Island is part of the New Zealand continent that was rifted apart in the late Mesozoic during the breakup of Gondwana. The null observation on Chatham Island thus suggests that the strong SKS splitting signal we see on mainland New Zealand (Fig. 1 ) is due to processes that are post-Gondwana breakup (i.e., postCretaceous).
DATA
The South Island Geophysical Transect (SIGHT) experiment (Fig. 1 ) has provided high-resolution imaging of the crust and mantle of central South Island (Okaya et al., 2002) . Intersecting offshore shooting lines, recorded onshore by ϳ120 static seismographs, provide near-perpendicular observations of Pn wave speeds within the upper mantle offshore, and thus estimates of P-wave seismic anisotropy (Data Repository material; see footnote 1). Unless otherwise stated, seismic data are viewed and plotted as receiver gathers whereby multiple air gun shots are displayed for a single receiver (Okaya et al., 2002) .
UPPER MANTLE (Pn PHASE) VELOCITIES
Analysis for Pn data is restricted to raypaths that overlap and emerge beneath where transects T2 and T3 intersect ( Fig. 2A) . Along T3, stations on both Banks Peninsula and the Otago Peninsula allow Pn to be reversed. Shooting southwest, the effective shot at the receiver on Banks Peninsula (5003) gives a Pn velocity of 8.60 Ϯ 0.05 km/s. Shooting northeast, three receivers on Otago Peninsula give an average Pn velocity of 7.97 Ϯ 0.06 km/s (data for 5004 are shown in Fig. 2B ). The crustal model of Godfrey et al. (2001) along T3 shows the Moho dip to be relatively uniform in central South Island (Fig. 2A) . By taking the P-wave velocity of the overlying crust as 6.2 km/s (Scherwath et al., 2003) , we correct the apparent velocities for dip and determine the true Moho refractor velocity of 8.27 Ϯ 0.10 km/s. Along T2, the crust thickens toward the plate boundary, causing the Moho to plunge ( Fig. 2A) (Scherwath et al., 2003) . It is therefore important that we sample the same portion of the Moho when shooting in reversed directions to gauge an accurate measure of Pn velocity. To avoid extremes in Moho plunge we restrict raypaths to those that fall in the band of stations 2000-3008 onshore and shots 31700-32850 offshore ( Fig. 2A) . When shooting in a southeast direction, Pn raypaths satisfy this criterion for 12 receiver gathers (data for 2972 displayed in Fig. 2B ); these give an average updip Pn velocity of 7.96 Ϯ 0.09 km/s. We have no offshore stations, so we reorder the traces as common shot gathers to sample Pn in the reversed downdip southeast-northwest orientation. Eight equally spaced shot gathers with the necessary raypaths, including SP31812 (Fig. 2B) , are created with an average apparent Pn velocity of 7.55 Ϯ 0.10 km/s. The apparent velocities are used to calculate dip as a variable and obtain the true refractor velocity along T2 of 7.75 Ϯ 0.12 km/s (Baldock, 2004) .
Pn velocities at the intersection of lines T2 and T3 are thus 7.75 Ϯ 0.12 km/s and 8.27 Ϯ 0.10 km/s, respectively, giving a Pn anisotropy percentage of 6.5% Ϯ 2.5%. This measure of anisotropy is apparent because unless the offshore shooting lines were fortuitously parallel to the orientations of maximum and minimum speeds induced by mantle strain, then the anisotropy must be treated as a lower bound (Ribe, 1992) .
The same measurement of Pn velocities is carried out 50 km to the northeast of the T2-T3 intersection at the T1-T3 intersection. Along the orthogonal lines, dip-corrected velocities of 8.10 Ϯ 0.13 km/s and 8.11 Ϯ 0.1 km/s are observed, giving a Pn anisotropy percentage of 0% Ϯ 3%. Implications of this result are discussed in the following.
WIDTH OF MANTLE DEFORMATION
The measurement from Scherwath et al. (2002) gives 11.5% Ϯ 2.4% Pn anisotropy off the west coast of New Zealand (30 km west of the Alpine fault; Fig. 1 ). However, crustal structure velocity models along T1 (van Avendonk et al., 2004) and T2 (Scherwath et al., 2003) show apparent Pn speeds of Ͻ8 km/s distributed over a region at least 100 km west of the Alpine fault, which these authors ascribed to anisotropy. Hence mantle deformation is here interpreted to extend as much as 100 km offshore off the west coast.
Pn data along T2 and east of T3 show a distinct change in slope 260 km from the plate boundary. Updip velocities increase on average for 10 receiver gathers, from 7.95 Ϯ 0.09 km/s to 8.35 Ϯ 0.15 km/s over a 10-30 km transition zone. The change in slope is greatest for station 9925 and is shown in Figure 3 . The variation cannot be attributed to a decrease in water depth over the continental shelf, and contrasts with the expected velocity increase farther inland as the crust thickens and the Moho dives. Like the west coast, one interpretation is that the lower velocities represent the slower quasi-S wave in a region of anisotropy (Scherwath et al., 2002) . The termination to normal mantle velocities, Ͼ8.1 km/s (Christensen and Mooney, 1995) , reflects an end to the anisotropic zone. This would place a mantle deformation front 40 km east of T3 and 235 km east of the plate boundary. Several other parameters constrain the width of mantle deformation, most notably the absence of anisotropy at the intersection of T3 and T1. At first glance this null anisotropy measurement is a puzzling result. One interpretation is that Pn wave speeds in the top of the mantle are heterogeneous on a lateral scale of 50 km (Meissner et al., 2002) . Another explanation is that because three azimuth observations of velocity are required to uniquely define the strain ellipse (Savage, 1999) , we are fortuitously sampling two intermediate yet equal velocity vectors. A third, and the preferred, interpretation of the data is that the zone of mantle deformation flares out south of the T1-T3 intersection in the manner shown in Figure 4 . This interpretation is favored because a similar widening of lithospheric deformation is seen in three other parameters reflecting contemporary processes: crustal folding as evident in surface topography and the coastline (Fig. 4) , crustal seismicity (Leitner et al., 2001) , and the surface strain field that shows strains five times higher in central South Island than elsewhere (Beavan and Haines, 2001 ). Accordingly, we see two distinct domains for mantle anisotropy. South of transect T2 (southern domain) the fast direction for SKS splitting is consistently 20Њ Ϯ 4Њ counterclockwise from the shear direction, and the width of the zone is ϳ335 km. North of T2 (northern domain) the width of the zone is closer to 200 km and the fast direction of SKS splitting is more varied but roughly parallel to the direction of the plate boundary and shear (Fig. 1) .
Geological markers also track the strain history. They broadly reflect the same pattern as SKS splitting, trending from ϳ30Њ counterclockwise to the Alpine fault in the south, to ϳ10Њ in the north (Little et al., 2002) .
INTERPRETATION
Because the southern domain has a fast direction different from the shear direction, it lends itself to an analysis in terms of simple shear. In a zone of width W, undergoing simple shear by displacement d of its margins, the angle between the axis of maximum extension and the shear zone is given by and tan (2 ) ϭ 2W/d
( 1) and the strain is given by ϭ cot 11 (2) (Molnar et al., 1999) . We let W ϭ 335 km, ϭ 20Њ Ϯ 4Њ, then from equation 1 the total displacement required across the shear zone is 800 Ϯ 200 km ( Fig. DR1 ; see footnote 1). This is a close match to the geological estimates for shear displacement across the plate boundary of 850 Ϯ 100 km (Sutherland, 1999) . Thus, all the displacement in the mantle can be explained by distributed shear, although this is not necessarily a unique interpretation. However, if we adopt ϭ 20Њ in the southern domain, then our estimate of ␦V p ϭ 6.5% at the T3-T2 intersection is an apparent anisotropy. The relationship between velocity as a function of is V() ϭ V avg ϩ (⌬v/2)cos(2) (Bamford, 1977) , where ⌬v is the difference between maximum and minimum seismic velocities and V avg is the average. For ϭ 20Њ we recompute the true ␦V p at the T2-T3 intersection to be ϳ9% Ϯ 2.5%. In the northern domain, directions of SKS splitting are near parallel to the Alpine fault (Fig. 1) . Either d/W Ͼ 7 here, or something other than simple shear model is occurring. For example, based on experimental results (Zhang and Karato, 1995) , the observations can be explained by an increasing degree of dynamic recrystallization in the mantle lithosphere (Data Repository material; see footnote 1) and/or a process of pure shear with mantle thickening (Little et al., 2002) .
DISCUSSION
The principal finding of this study is that Pn wave speeds across a continental transform define a region of anisotropy, and therefore of finite strain, in the upper mantle. This region is at least 200 km wide in the mid-South Island, flaring out to 335 km wide south of the T2 transect (Fig. 4) . This range of widths is as much as eight times wider than that proposed for other continental transforms, such as the Dead Sea margin (20 km; Rumpker et al., 2003) and the Altyn Tagh fault in Tibet (40 km; Herquel et al., 1999) . For the Dead Sea and Altyn Tagh faults, the differences could be interpreted as being due to the different strain histories for the respective regions: 100, 470, and 850 km for displacements across the Dead Sea, Altyn Tagh fault, and South Island, respectively. From the width of the southern South Island deformation zone, and the fast directions for SKS splitting, we use a simple shear approximation (equation 1) to estimate a total displacement across the shear zone of 800 Ϯ 200 km. This is close to that predicted for South Island over the past 45 m.y. If so, then all the mantle shear appears to be distributed, and no displacement is required to be taken up by a continuation of the Alpine fault into the mantle.
Data from bulk crustal strains in mid-South Island, however, show that simple shear by itself does not explain all observations, and more elaborate models involving vertical thickening and nonuniform strain are required for the crust (Little et al., 2002) . The simple shear model may also be inadequate for the northern domain, where there is a parallelism of SKS fast directions with the shear direction. Moore et al. (2002) , for example, partly replicated this parallelism by adopting nonuniform strain in an 80-km-wide strip east of the Alpine fault.
An alternative explanation for anisotropy data in the northern domain is that some level of dynamic recrystallization in the mantle lid is occurring. Dynamic recrystallization can explain the following key observations in the central section of South Island: fast direction of shear being near parallel to the direction of shear (Zhang and Karato, 1995) , a narrowing of the deformation zone in both crust and mantle (Rutter and Brodie, 1992) , and, as argued by Scherwath et al. (2002) , an explanation for Pn anisotropy in excess of 10% occurring just 20 km from the plate boundary.
